This paper presents an improved orientation strategy for energy-efficiency in photovoltaic (PV) panels. Conventionally, PV panels are tilted with the site's latitude angle or the difference between the latitude angle and the solar declination angle. A monthly-based orientation strategy has been proposed and analyzed in this study. The proposed strategy implies that the PV panels are tilted with the monthly-based angle that achieves the maximum incident radiation. Furthermore, the impact of using the proposed orientation strategy and three conventional strategies on the produced power and on the PV system design features has been investigated in detail. A Japanese city (Fukuoka) and an Egyptian city (Al-Kharijah) have been considered as locations for the PV power system installation. The results showed that the proposed strategy achieved an increase in the power produced from the PV power systems at the two different sites, and consequently the required solar cells area can be saved. Therefore, the cost of the PV power system components can be reduced including the solar cells area and the land area.
NOMENCLATURE

S
: Tilt angle of the surface from horizontal, degrees Φ :
Latitude angle, degrees L t :
Longitude angle, degrees δ : Solar declination angle, degrees n :
The order of the day in the year H :
Average daily radiation on a horizontal surface, kWh/m 2 K T :
Fraction of the average daily extraterrestrial radiation Ho :
Extraterrestrial radiation, kWh/m 2 H T :
Radiation incident on tilted surface, kWh/m 2 R :
Ratio of the daily average radiation on a tilted surface to that on a horizontal surface for each month
Monthly average daily diffuse radiations, kWh/m 2 R b :
Ratio of the monthly average beam radiation on the tilted surface to that on the horizontal surface for each month ρ : Ground reflectance, varies from 0.2 to 0.7 depending upon the type of ground surface [14] ω s : Hour angle, degreeś ω s :
Sunset hour angle for the tilted surfaces, degrees E :
Yearly energy collected by the photovoltaic surfaces, kWh/m 2 η c (t) :
Hourly solar cells efficiency T c (t) :
Hourly solar cell temperature, • C T a : Ambient temperature, • C H(t) : Solar radiation at (t) hour, kWh/m 2 η cr :
Cell reference efficiency T cr :
Cell reference temperature, • C η tr :
Transformation stage efficiency, considered as 0.95 η pc :
Power conditioning unit efficiency, considered as 0.95
Viability factor takes into account the influence of the variation from year to year, considered as 0.95
Factor of safety includes an allowance for the accuracy of the radiation data, for the weather conditions, and for the probable loss in the array output due to its abstraction by dust, considered as 1.1 30.4 :
Average number of days per month m :
Month index t : Hour index ζ : Tilt angle's monthly modification parameter I. INTRODUCTION Energy is a basic human need for both human development and economic growth. An international priority is to ensure a secure, reliable, affordable, clean and sustained energy supply.
Most countries, including Japan and Egypt (where the case studies were conducted), are relatively modest in their supply of conventional energy sources (oil and gas). To ensure long term sustainability of the energy supply, it is clear that we need to exploit other sources in addition to oil and gas.
Renewable energy technologies hold a great promise to meet humanity's energy needs [1] . Photovoltaic (PV) system technologies are becoming increasingly important in electric power generation. This is due to the fact that they provide more secure power sources and pollution free electric supplies.
Solar radiation is the source of energy for PV systems. Solar radiation varies over the earth's surface due to weather conditions and location. For each location, an optimum orientation of the PV cells is desired to obtain the maximum possible incident radiation over the surface of the cells [2] . Great efforts have been made in reducing the required PV cells through the development of solar tracking systems [2] - [11] .
Conventionally, PV panels are tilted with a monthly angle (S = 0, S = Φ, or S = Φ − δ ). In this paper, a monthly-based orientation strategy has been proposed and analyzed. Furthermore, the impact of using the proposed strategy and three other conventional strategies, for PV panels' orientation, on the produced power and photovoltaic system design features has been investigated in detail.
This paper is organized in the following manner. An investigation of different orientation strategies for optimum solar energy harvesting is addressed in section II. Section III presents the impact of the proposed orientation strategy on the estimated solar cells area. Finally, conclusions are presented in section IV.
II. INVESTIGATION OF THE BEST TILT ANGLE FOR OPTIMUM SOLAR ENERGY HARVESTING
A. Investigation Methodology
The energy generated from solar cells is proportional to the amount of incident light. It reaches its maximum value when the solar cells are perpendicular to the sun's rays [11] . The solar radiation on an inclined surface is a function of the sun's ray (I N ), and some related angles, as described in Fig. 1 [12] .
The incident solar energy over tilted surfaces is estimated as in the following steps: 1) Basic Idea: Conventional orientation strategies suggest tilting the PV panels with a monthly-based angle (S = 0, S = Φ, or S = Φ − δ ), where δ can be calculated using the following equation [13] :
This paper proposes an improved strategy for better solar energy harvesting. In this strategy, the tilt angle has been calculated for each month to achieve the maximum incident solar energy over the PV panels for the site under study. Then, these angles have been formulated in an empirical formula for easy and efficient application of the proposed strategy at different sites. 2) Calculation of the radiation at different tilt angles: The average daily radiation on a horizontal surface (H), for each month can be expressed by defining K T , a fraction of the average daily extraterrestrial radiation (Ho), as [13] :
Then, the average daily radiation on a tilted surface H T can be expressed as [13] , [14] :
where:
H T has been calculated at different tilt angles. S has been swept to identify the value that achieves the maximum collected H T every month. The sweeping of S starts from -90 • up to 90 • -including S = 0, S = Φ, and S = Φ − δ . Fig. 2 shows a flowchart for achieving the above addressed methodology. The yearly energy has been calculated in studied cases as follows:
Comparative investigations of the results have been achieved and addressed in the following sections.
B. Application and Results
The methodology explained in the above section has been programmed in MATLAB and has been applied to the selected Egyptian and Japanese sites: the Al-Kharijah site (latitude angle 25.45 • N, located in the southwest of Egypt) and the Fukuoka site (latitude angle 33.57 • N, located in southwest of Japan). These two sites have different climate conditions (both solar radiation and ambient temperature); which makes them suitable, as sites for study, to evaluate the robustness of the proposed strategy.
1) Required Data:
• The hourly solar radiation on a horizontal surface, at the selected sites, has been collected over the last five years by the Egyptian Meteorological Authority, [15] and the Japanese Meteorological Authority [16] . Then the average values of these data are calculated. Samples of these data are drawn in Fig. 3 and Fig. 4 .
• The ambient temperature for the selected sites.
• The recommended average day for each month [13] , illustrated in Table I .
• Using the monthly average daily extraterrestrial radiation at different latitudes [13] , and by the interpolation method, the monthly average daily extraterrestrial radiation for the Al-Kharijah site and the Fukuoka site has been calculated and illustrated in Table II . 2) Results and Discussion: The radiation at different tilt angles has been calculated according to the methodology described above as shown in the flowchart presented in Fig. 2 . The change of H T versus the variation of S is plotted for every month at the sites under study (A sample is shown in Fig. 5 and Fig. 6) . Moreover, the values of the S that achieves the maximum collected H T have been identified (circled in Fig. 5 and Fig. 6 ; • points).
It can be observed that: 1) Although horizontal orientation of PV panels (at S = 0) achieves good performance in some months (see July in Fig. 5 and Fig. 6 ); which is close to the calculated maximum (circled point on the curve), it is far away from the calculated maximum in most of the other months. 2) Although the conventional orientation strategy at S = Φ achieves good performance in some months (see October in Fig. 5 and Fig. 6 ); which is close to the calculated maximum (circled point on the curve), it is far away from the calculated maximum in most of the other months.
3) The orientation strategy at S = Φ − δ achieves better performance than other conventional strategies in most months (see the squared points ( ) in Fig. 5 and Fig. 6 , they are always close to the calculated maximum points (•)). However, this strategy still needs improvement. Such improvement targets moving the operating states from the current points to the • points. The above discussion leads to the proposed orientation strategy; i.e. the tilt angles that achieve the calculated maximum collected H T have been formulated as follows:
The proposed new formula attains values very close to the target: • points (see Fig. 7 and Fig. 8 ). It has proven its applicability to different sites with different solar radiations and temperatures.
To estimate the effect of the proposed strategy on the collected solar energy of the tilted surfaces, the yearly incident energy on a unit area has been calculated at both of the sites under study with different orientation strategies (S = 0, S = Φ, S = Φ − δ , S = Φ − ζ δ ). Then the results have been compared. Table III , and Fig. 9 illustrate the solar radiation, and the Fig. 4 . Sample of the solar radiation on horizontal surfaces at Fukuoka site. Fig. 5 . Sweeping of the tilt angle to identify the value that achieves the maximum collected H T every month at Al-Kharijah site. Fig. 6 . Sweeping of the tilt angle to identify the value that achieves the maximum collected H T every month at Fukuoka site. Fig. 7 . Curve fitting for the calculated tilt angles that achieve the maximum collected H T at Al-Kharijah site. Fig. 8 . Curve fitting for the calculated tilt angles that achieve the maximum collected H T at Fukuoka site. Fig. 9 . Effect of the orientation strategy on the yearly-collected solar energy at Al-Kharijah site. yearly-collected solar energy, respectively, when the surfaces are tilted at S = 0, S = Φ, S = Φ − δ , and S = Φ − ζ δ for the Al-Kharijah site. In addition, Table IV and Fig. 10 illustrate the results for the Fukuoka site.
To evaluate the impact of the proposed strategy on PV power system design, an actual case has been investigated and addressed in the following section.
III. IMPACT OF THE PROPOSED STRATEGY ON THE REQUIRED SOLAR CELLS AREA
The proposed orientation strategy has been applied to the estimation of the required solar cells area for supplying a certain load as follows:
A. Load Specifications
The forecasted growth in the load demand for the next five years (year 2010 to year 2015) has been estimated for a typical Egyptian city (shown in Fig. 11 ). The PV power system is designed to supply the energy demand for such load.
B. PV Module Specifications
The characteristics of the selected PV panels are shown in Table V , [17] .
C. Estimation Methodology for the Required Solar Cells Area
In order to supply the energy demand, the required solar cells area can be determined as follows: The hourly solar cells efficiency (η c (t)) can be estimated as follows:
The power produced from 1m 2 of solar cells (PVU), kW is:
The energy produced from 1m 2 of solar cells (YEVU), kWh in one year is: Yearly energy demand for the year (YED), kWh it:
where PL is the hourly load demand for power in kW. It is clear that, the required solar cells area (SCA) is equal to the YED divided by the YEVU as follows:
D. Results Fig. 12 and Fig. 13 show the estimated solar cells area required for supplying the load demand for the two sites under study with different orientation strategies. From these figures it can be seen that the use of the proposed strategy achieved the smallest solar cells area for the two sites under study.
IV. CONCLUSIONS
Conventionally, PV panels are tilted with a monthly angle (S = 0, S = Φ, or S = Φ − δ ). In this paper, an improved monthly-based orientation strategy has been proposed and analyzed. Furthermore, the impact of using the proposed strategy and three other conventional strategies on the produced power and the PV system design features has been investigated in detail. It can be concluded that:
1) It is not recommended that PV modules be tilted by the angles (S = Φ or S = 0). These cases never achieve the best tilted solar radiation, when compared with the other cases: (S = Φ − δ and/or S = Φ − ζ δ ). 2) The maximum energy harvesting is achieved when the PV panels are tilted with the proposed monthly tilt angle (S = Φ − ζ δ ) during all of the months. An imperial formula for the modification parameter (ζ ) has been suggested as ξ = cos −1 (− δ 2 ).
3) The proposed strategy attained an efficient performance when applied to different sites with different solar radiations and temperatures. Thus, it proved its global applicability. 4) Using the proposed methodology (S = Φ − ζ δ ) achieved a 12460 m 2 saving in the required solar cells area for the Al-Kharijah site; i.e., a 1.6% decrease in the required solar cells, when compared with the conventional case (S = Φ − δ ). On the other hand, it achieved a 11900 m 2 saving in the required solar cells area for the Fukuoka site; i.e., a 1% decrease in the required solar cells, when compared with the conventional case (S = Φ − δ ). Therefore, the cost of the PV power system components can be reduced including the solar cells area and the land area.
